ABSTRACT
Together with WNT and BMP, the FGF signaling pathway has also been implicated in NC 3 1 4 formation (Betters et al., 2018; Leung et al., 2016; Stuhlmiller and García-Castro, 2012b ; Yardley 3 1 5
and García-Castro, 2012), and FGF is also known to play an important role in axis specification, 3 1 6 particularly contributing to posteriorization (Villanueva et al., 2002) . FGF signaling is thought to 3 1 7 actively promote early stages of anterior NC specification (Leung et al., 2016; Stuhlmiller and 3 1 8 García-Castro, 2012b ), but has been proposed to play a passive role in the appearance of posterior 3 1 9
NCCs (Martínez-Morales et al., 2011) .
2 0
To determine whether FGF signaling is required for posterior NC induction, we exposed high expression are noted. RT-qPCR analysis of high WNT cultures exposed to 0.2μM PD17 for 5 days 3 3 0 (5D) reveals a 50% reduction in FOXD3 and SOX10 and ~30% in PAX7 and ETS1 (Fig. 4C , left). To 3 3 1 validate the modulation of FGF signaling by PD17, we assessed the expression of known direct 3 3 2 targets of FGF, DUSP6 and SPRY2 (Ekerot et al., 2008; Minowada et al., 1999) . Compared with 3 3 3 control posterior NCCs (CH), DUSP6 and SPRY2 expression are reduced by 70% and 50% 3 3 4 respectively in FGF inhibited cells (Fig. 4C , right).
5
Since cell survival is compromised by prolonged FGF inhibition, we tested whether inhibiting 3 3 6 FGF during the first 24 hours (0-1day PD17) would affect NC induction, as seen with BMP. We 3 3 7 treated hESCs with the 2D High WNT regimen and with 0.2μM or 2μM of PD17 during the first day, 3 3 8
and analyzed cultures at the end of day 5. Cell viability was not affected by 24-hour treatment with 3 3 9 0.2μM PD17, and the expression of PAX7 and SOX10 remained unchanged relative to 2D High-3 4 0 CHIR controls as determined by immunostaining (Fig. 4A, 4B ). RT-qPCR for PAX7, ETS1, FOXD3 3 4 1 and SOX10 in these cultures further confirms no deleterious effect on NC formation after 24-hour 3 4 2 FGF inhibition (Fig. 4C ). In contrast, 2μM PD17 treatment during the first day, was again confounded 3 4 3 by low cell survival. However, the few surviving cells reveal expression of PAX7 and SOX10 positive 3 4 4 cells, although at notably reduced proportions (Fig. 4B, right) . Overall, this data suggests that FGF posterior NC cultures treated with PD17. FGF inhibition for 5 days with the "mild" dose of 0.2 µM 3 5 0 PD17 led to a reduction in cells expressing HOXB4 while the "strong" dose, 2µM PD17, led to a stark 3 5 1 loss of HOXB4 expression upon FGF inhibition for both durations tested (Fig. 4A ). Instead FGF 3 5 2 inhibition with the lower dose of 0.2µM PD17 for the first day lead to an apparent increase in HOXB4 Retinoic Acid (RA) signaling has been linked with posteriorization of embryonic tissues and 3 6 1 neural crest (Fattahi et al., 2016; Fukuta et al., 2014; Huang et al., 2016; Mica et al., 2013) ; Olivera- Martinez and Storey, 2007) . We therefore examined whether RA signaling modulates NC 3 6 6 formation and their axial character in our human model. One approach used to reduce RA signaling 3 6 7 has been to deprive cells of vitamin A, a precursor for RA (Kam et al., 2012) . The basal induction 3 6 8 media used in our NC protocol contains Vitamin A. Therefore, we evaluated whether anterior and 3 6 9 posterior NCCs generated via low and high WNT (3 and 10µM CHIR respectively) are altered by the 3 7 0 presence or absence of Vitamin A. Both PAX7 and SOX10 are expressed at normal levels and 3 7 1 proportions in anterior NCCs in conditions containing (+) or lacking (-) Vitamin A, and a slight but 3 7 2 insignificant reduction was noted in NCCs produced by the high CHIR dose (Fig. 5A ).
7 3
Transcriptional readouts for ETS1 and SOX10 further confirm that omission of vitamin A does not 3 7 4 affect anterior NCCs but results in a slight reduction in posterior NCCs (Fig. 5B, left) . Interestingly,
7 5
Vitamin A depletion had no effect on the expression of HOX genes in anterior NC, but triggered a 3 7 6 slight, although not statistically significant, increase of the expression of HOXB4 and HOXC9 3 7 7 expression in posterior NCCs. This is suggestive of a slight contribution of Vitamin A to the known resistant expression under the high WNT regimen (Fig. 5D) . RA administration induced robust 3 9 0 HOXB4 protein expression in NO CHIR, and 3μM CHIR cultures, but in 10µM CHIR cultures a mild 3 9 1 reduction of HOXB4 was noted (Fig. 5C, left) . By QPCR, HOXB4 transcripts are elevated in 3µM 3 9 2 CHIR condition upon RA treatment, but no evidence of HOXC9 expression was found. Instead when 3 9 3
RA is added to 10µM CHIR cultures, no significant change is seen for HOXB4, but HOXC9 is 3 9 4 reduced ( Fig. 5F ). Confirmation of RA activity is found in the dose dependent up-regulation of the 3 9 5 feedback regulator of RA, CYP26A1 (Loudig et al., 2000) in both 3 and 10μM CHIR conditions (Fig. 3 9 6 5E). However, the expression of CRABP2, another putative target of RA (Aström et al., 1992) , was 3 9 7 not changed under these conditions. Altogether this suggests that activation of RA signaling under 3 9 8 these conditions modulates axial character, but antagonizes the NC developmental program. 
2 6
We also report that in our system, posterior NCCs emerge through progenitors that resemble The experiments presented here suggest that hESCs can adopt distinct axial NC character 
6
The low-WNT response might be related to the known role of WNT/β-CATENIN during early 4 4 7 development with initial contribution to axial specification and head formation (Fossat et al., 2011;  4 4 8 Heasman et al., 1994; Lemaire et al., 1995; McMahon and Moon, 1989; Smith and Harland, 1991;  
6 6
The WNT pathway has been shown to play a role in early NC formation 
7 2
The bimodal response of hESCs to WNT/β-CATENIN magnitude is intriguing. Here hESCs of 4 7 3 presumed identical pluripotency were exposed to different doses of CHIR for the same duration, CHIR99021 has been used extensively as a WNT agonist since it has a high affinity for 4 9 6 GSK3 kinase, and at the low dose of ~3μM, CHIR is highly specific (Ring et al., 2003) . We previously 4 9 7
showed that WNT3A or CHIR could both trigger NC development from hPSC, and demonstrated that 4 9 8 this process depends on β-CATENIN for NC formation under our low-WNT anterior NC formation proposed as critical in Xenopus NC formation, however this has not been found in amniotes.
3 1
Furthermore, some hESC models of NC formation have reported that it is necessary to inhibit BMP 
4 5
We previously reported that in the context of low WNT stimulus, FGF inhibition had a 5 4 6 deleterious effect on anterior human NC induction (Leung et al., 2016) . By contrast, the high WNT 5 4 7
regimen which induces posterior NC is only modestly reduced by FGF inhibition, as shown here. 
7
Here we assessed whether RA signaling affects NC formation in our human model. We find 5 5 8
that omission of vitamin A has no effect on anterior or posterior NC formation, and HOX genes are have found that posterior NC generated in a xeno-free (BSA free, and using N2 instead of B27 5 8 7 supplement, and under modulated BMP) platform are also derived from a similar axial progenitor.
8 8
Some recent evidence from lineage tracing experiments in chick and mice favor the contribution of 5 8 9
NMPs to NCCs (Cambray and Wilson, 2007; McGrew et al., 2008; Wymeersch et al., 2016) . Here we present evidence implicating the WNT/β-CATENIN pathway as a prime instructor of 6 1 7 the NC fate whose magnitude and temporal window of activation can dictate NC axial identity. In 6 1 8 this context, BMP operates secondary to WNT signaling, FGF has a role in cell survival and/or 6 1 9 proliferation but not NC fate acquisition, and RA is not required for either NC formation or axial 6 2 0 identity, while addition of exogenous RA derails NC formation. This study offers insights into the 6 2 1 parameters that are relevant for human NC formation, and sheds light on the inputs that produce 6 2 2
NCCs with distinct anterior-posterior identity. 
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